Salinity gradients are critical habitat determinants for freshwater organisms. Silverside fishes in the genus Odontesthes have recently and repeatedly transitioned from marine to freshwater habitats, overcoming a strong ecological barrier. Genomic and transcriptomic changes involved in this kind of transition are only known for a few model species. We present new data and analyses of gene expression and microbiome composition in the gills of two closely related silverside species, marine O. argentinensis and freshwater O. bonariensis and find more than three thousand transcripts differentially expressed, with osmoregulatory/ion transport genes and immune genes showing very different expression patterns across species. Interspecific differences also involve more than one thousand transcripts with nonsynonymous SNPs in the coding sequences, most of which were not differentially expressed. In addition to characterizing gill transcriptomes from wild-caught marine and freshwater fishes, we test experimentally the response to salinity increases by O. bonariensis collected from freshwater habitats. Patterns of expression in gill transcriptomes of O. bonariensis exposed to high salinity do not resemble O. argentinensis mRNA expression, suggesting lack of plasticity for adaptation to marine conditions in this species. The diversity of functions associated with both the differentially expressed set of transcripts and those with sequence divergence plus marked microbiome differences suggest that multiple abiotic and biotic factors in marine and freshwater habitats are driving transcriptomic differences between these species.
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HUGHES Et al. colonization of freshwater habitats by marine fishes, and the most physiologically demanding is the salt concentration in the water. Most fishes are stenohaline (have narrow salinity tolerance), and just 2% of all fishes are euryhaline, occupying both marine and freshwater environments (Betancur-R et al., 2015) .
Maintaining osmotic homeostasis is a major challenge for organisms that move between marine and freshwater habitats.
Osmoregulation in fresh water is energetically expensive for marine fish, whereas sea water is closer to the internal solute concentration of fishes, requiring less energy to maintain homeostasis (Lee & Bell, 1999) . Coping with the salinity concentration gradient, however, may not be the main or only challenge. Other abiotic impacts include the relative lack of calcium available in fresh water, critical because teleosts absorb calcium for bone formation directly from the surrounding waters (Bell, Orti, Walker, & Koenings, 1993; Simmons, 1971) . Temperature fluctuations are greater in freshwater habitats, presenting less opportunity to escape inhospitable temperatures (Lee & Bell, 1999) . Biotic factors also are likely to be important, given that microbial communities are strongly structured by salinity (Logares et al., 2009; Lozupone & Knight, 2007) , and fish must tolerate drastic challenges to their immune system as they experience complete turnover of their microbiomes (Lokesh & Kiron, 2016; Schmidt, Smith, Melvin, & Amaral-Zettler, 2015) or interactions with novel parasites. These ecological differences often drive genetic divergence between closely related marine and freshwater organisms.
Genomes are shaped by an organism's ecology (Ungerer, Johnson, & Herman, 2008) , and fish species and populations that transition from marine to fresh water offer important insight into how this occurs. For example, significant divergence of SNPs associated with freshwater adaptation has been detected in or near genes related to osmoregulation, stress, and immune function by comparing marine and freshwater populations of sticklebacks and killifishes (Hohenlohe et al., 2010; Jones et al., 2012; Kozak, Brennan, Berdan, Fuller, & Whitehead, 2013) . As many of these habitat transitions may lead to speciation, detecting and characterizing transcriptomic divergences may be of importance to better understand this process, as patterns of gene expression can evolve rapidly (Wolf et al., 2010) . Osmoregulatory genes have population and species-specific expression patters in fundulid killifishes inhabiting different salinities (Kozak et al., 2013; Whitehead, Galvez, Zhang, Williams, & Oleksiak, 2011; Whitehead, Roach, Zhang, & Galvez, 2012) , and transcriptional responses to temperature are more variable in freshwater than marine stickleback (Morris et al., 2014) . Furthermore, marked and predictable differences in microbiome composition have been reported to follow acclimation of the black molly (Poecilia sphenops) to different water salinity, suggesting a key role of the immune system in habitat transitions (Schmidt et al., 2015) .
Here, we investigate adaptation in gill function following marineto-freshwater invasions by presenting new data and analyses of transcriptomes and microbiomes obtained from gills of silverside fishes of the genus Odontesthes. If ecology is driving speciation between marine and freshwater silversides, we would expect fixed genetic differences and diverging patterns of gene expression between fishes occupying these two habitats, notably for genes related to salinity tolerance, calcium intake, temperature fluctuation, and the immune system. The combined challenges presented by abiotic (salinity, temperature) and biotic (microbiome composition) factors may lead to complex interactions driving genomic and transcriptomic differentiation between habitats. Alternatively, if expression differences are plastic responses to habitat transitions, common garden experiments would reveal similar expression patterns for marine and freshwater species under the same conditions.
We study Odontesthes silversides that comprise 19 marine and freshwater species, commonly known as pejerreyes (Dyer, 2006) , which have recently and frequently transitioned from marine to freshwater in southern South America (Bloom, Weir, Piller, & Lovejoy, 2013; Campanella et al., 2015) . They are members of the order Atheriniformes, whose members inhabit coastal marine and freshwater environments worldwide, having successfully and independently colonized freshwater habitats on multiple continents (Campanella et al., 2015) . Plastic responses to the environment observed in some estuarine atherinid species are hypothesized to be a pre-adaptation for successfully undertaking transitions to fresh water (Bamber & Henderson, 1988) , and species or species complexes that inhabit different salinity gradients often show genetic structuring and evidence for incipient speciation (Beheregaray & Sunnucks, 2001; Fluker, Pezold, & Minton, 2011; Kraitsek, Klossa-Kilia, Papasotiropoulos, Alahiotis, & Kilias, 2008) . We focus on a pair of species, one marine and one freshwater: O. bonariensis, native to lakes and rivers of the Pampas region of Argentina, the Rio de la Plata and Lower Paraná and Uruguay basins, up to the Tramandaí coastal lagoon system in Brazil (Dyer, 2006; Liotta, 2005; Somoza et al., 2008) ; and O. argentinensis, is its marine (putative) sister species that ranges along the South Atlantic coast of Buenos Aires Province (Argentina) to Southern Brazil (Campanella et al., 2015; Dyer, 2006) . Up to eight, sometimes sympatric, freshwater Odontesthes species have been described in this region, associated with rapid divergence in freshwater habitats as a result of recent changes in sea level (Beheregaray, Sunnucks, & Briscoe, 2002) .
All these freshwater species are closely related to O. argentinensis and
O. bonariensis.
Whether due to rapid speciation in freshwater habitats or ongoing gene flow among incipient freshwater species and marine fishes, there is little genetic differentiation among species in the argentinensis-bonariensis species complex (Campanella et al., 2015; Díaz et al., 2016; García et al., 2014; González-Castro, Rosso, Mabragaña, & Díaz de Astarloa, 2016) . Odontesthes argentinensis and O. bonariensis show patterns of genetic divergence that fall well within the range of intraspecific variation (Heras & Roldán, 2011) , but they differ in some meristic counts of morphological characters and their body shape (Dyer, 2006; González-Castro et al., 2016) , and their mechanism of sex-determination appears to be different (Fernandino, Hattori, Strussmann, & Somoza, 2013; Strussmann, Saito, Usui, Yamada, & Takashima, 1997; Yamamoto, Zhang, Sarida, Hattori, & Strüssmann, 2014) . One of the most conspicuous differences between the two species is the different habitats they occupy.
Considering the substantial ecological boundary that the marineto-freshwater transition poses for fishes but lack of known genetic divergence between these two species, we investigate underlying changes at the genomic level associated with freshwater adaptation in these species by comparing gill transcriptomes from wild-caught O. argentinensis (marine) and O. bonariensis (freshwater). We also test for phenotypic plasticity in gene expression by comparing gill transcriptomes from laboratory-housed O. bonariensis, which is still relatively euryhaline (Tsuzuki, Strüssmann, & Takashima, 2008; Vigliano, Aleman, Quiroga, & Nieto, 2006) , in freshwater and brackish salinities.
Adaptive genetic divergence can take place by mutations in the coding sequences or by changes to cis-regulatory elements that affect expression, though often changes are the result of both (Hoekstra & Coyne, 2007) . The teleost gill is of critical physiological importance through its direct interaction with the environment, fulfilling respiratory, osmoregulatory, and immune functions (Díaz, Castro, García, Díaz de Astarloa, & Figueroa, 2009; Evans, 2005) , and genes of adaptive significance in marine or fresh water are likely to be expressed in this tissue, which could be implicated in speciation between O. argentinensis and O. bonariensis. We provide new data to characterize diverging patterns of gene expression and genetic differences associated with functions related to freshwater adaptation, including ion transport, calcium uptake, temperature acclimation, and the immune system. We also experimentally test whether the pattern of gene expression is a plastic response to the environment. Finally, we characterize the gill microbiomes of O. bonariensis and O. argentinensis, which are predicted to diverge along the water salinity gradient, hence providing a baseline for understanding putative changes in immune-response transcripts in the gills. with recirculating water at 18°C and kept under natural photoperiod.
| METHODS

| Sampling and experimental design
There, three silversides were placed in a second tank where salinity was increased over two days to 15 ppt salinity. This is not beyond the salinity tolerance for this relatively euryhaline species, which is in fact known to have reduced cortisol levels at 20 ppt salinity compared to 0 ppt waters (Tsuzuki, Ogawa, Strüssmann, Maita, & Takashima, 2001 ). Fish were allowed to acclimate for five days, before they were sacrificed with an MS-222 overdose, and gill tissue was collected. All procedures followed the UFAW Handbook on the care and management of laboratory animals (http://www.ufaw.org.uk) and internal IIB-INTECH institutional regulations. Tissues were stored in RNAlater ® at −80°C until RNA was extracted using a Qiagen RNeasy kit, following manufacturer's instructions.
| RNA sequencing
Messenger RNA (mRNA) was isolated from total RNA using a Dynabeads ® mRNA purification kit (Ambion). We prepared paired- 
| Transcriptome assembly
Bioinformatics analyses were performed on the Colonial One high performance computing system at George Washington University.
Raw Illumina base calls were converted to FASTQ-formatted files and demultiplexed with CASAVA v1.8.2 (Illumina). These reads were deposited in the SRA database with accession numbers noted in Table 1 .
We used Trimmomatic v0.33 (Bolger, Lohse, & Usadel, 2014) to quality control our sequences and remove adapter contamination using ILLUMINACLIP:2:30:7 HEADCROP:13 SLIDINGWINDOW:7:15 Dobin et al., 2013) , and assembled using Trinity v2.1.1 in genome-guided mode. Open reading frames (ORFs) were predicted using TransDecoder v2.0.1 (Grabherr et al., 2011; Haas et al., 2013) .
We collapsed identical transcripts with ORFs using the program CD-HIT v4.6, retaining the longest transcripts (Fu, Niu, Zhu, Wu, & Li, 2012; Li & Godzik, 2006) . We functionally annotated transcripts by blasting protein sequences against NCBI's Non-Redundant (nr) protein database, accessed June 1st, 2016, and mapping gene ontology terms using Blast2GO Basic v3.2 software.
| Differential expression and gene set enrichment analyses
We used assembled transcripts with ORFs to test for differential expression among gill transcriptomes of wild specimens obtained from marine and freshwater habitats, as well as the two experimental lots (freshwater and brackish water tanks). Sequence reads were mapped for each individual sample back to the reference sequences with Bowtie2 (Langmead & Salzberg, 2012) . Transcript abundance was estimated using the Trinity wrapper for RSEM (Li & Dewey, 2011) . We quantified expression patterns using the R package EBSeq, which allows for testing different expression patterns when the experimental design has more than two treatments (Leng et al., 2013 ). We tested all 15 possible expression patterns for four treatments (wild-marine, wild-lake, freshwater-laboratory, brackish-laboratory; Figure 2 ), and ran EBSeq with 50 iterations. We considered transcripts with a posterior probability >.95 for a particular expression to be differentially expressed, which corresponds to an FDR of 0.05.
Gene ontology (GO) terms were mapped using Blast2GO Basic 
| SNP calling
We followed the protocol for SNP detection on transcriptome as- and fell in ORFs for further analysis, and had been genotyped for all individuals. We then examined whether these SNPs resulted in synonymous or nonsynonymous changes in the coding sequence of these transcripts, and pulled annotation information from our blastp output.
| Microbiome characterization
For each individual gill sequenced we characterized the associated microbiome using the following steps. Filtered reads greater than 36 bp were error-corrected with BLESS v0.22 using default settings (Heo, Wu, Chen, Ma, & Hwu, 2014) . Reads matching conserved, informative loci were taxonomically assigned with PhyloSift (Darling et al., 2014) using the default settings and core marker set (version 1413946442), but excluding the 18S_rep marker. The matching reads were phylogenetically placed using Pplacer (Matsen, Kodner, & Armbrust, 2010) .
The 16S marker analysis was further used to quantify phylogenetic differences between samples with the Kantorovich-Rubinstein distance function in Pplacer, which is functionally similar to the weighted UniFrac metric (Evans & Matsen, 2012) , and further explored using a phylogenetic edge PCA (Matsen & Evans, 2013 ) generated with the guppy package in Pplacer. Taxonomic diversity plots based on 16S identifications were generated in R using the phyloseq package (McMurdie & Holmes, 2013; Team, 2014) .
| RESULTS
| Sequencing and transcriptome assembly
Sequences generated for each of our biological replicates are reported in These transcripts were enriched for Gene Ontology biological process categories that included several functions related to ion transport including ion transmembrane transport, chloride transmembrane transport, and hydrogen transmembrane transport ( Table 2 ). The GO term "immune system process" was also enriched for this differentially expressed set. Far fewer transcripts (96) in O. bonariensis show a plastic response to salinity, that is similar to wild-marine O. argentinensis (Pattern 6, Figure 2 ). This set of transcripts was not enriched for any biological process, although it did contain transcripts that have osmosensing functions, including NEDD4 ubiquitin ligase (Fiol & Kültz, 2007 
| Microbiome characterization
There was substantial variation in the composition of bacterial gill microbiota among wild-caught individuals but far less among laboratory treatments (Figure 3 ). Although there is some differentiation between wild-caught freshwater and marine gill microbiomes, laboratory-housed fish displayed the most distinct microbiome. This 
| DISCUSSION
| Divergence between marine and freshwater fishes
The genetic data (mitochondrial DNA and few nuclear gene se- (Continues) osmoregulation and ion permeability in fish gills, putatively ecologically important for the transition from marine to freshwater. As predicted, many transcripts that were differentially expressed between the two species were enriched for gene ontology terms related to ion transport (Table 2) , as major physiological changes need to occur in order to maintain internal solute concentrations in these different environments. Although our sample sizes are relatively small to consider these differences at face value to represent fixed species-level differences (Conesa et al., 2016) , our results reveal consistent changes predicted on the basis of gill function adapting to different habitats.
Also based on a limited number of individuals (three marine, eight freshwater), we discovered 1,417 transcripts carrying nonsynonymous differences in coding sequences that are putatively fixed between O. argentinensis and O. bonariensis. With deeper sampling of individuals, however, many of these differences may turn out to be shared between these species. Furthermore, many of these differences are likely neutral or may have no significant adaptive advantages for these environments. In any case, we consider this list of candidate genes worth investigating, as it contains some well-known osmoregulatory genes in fishes that likely are under selection to adapt to different habitats, including Na/K transporting ATPase subunit alpha 1. This ion transporter-one of the most well-known osmoregulatory genes in fish-is both differentially expressed between O. argentinensis and all O. bonariensis treatments, and contains a nonsynonymous SNP.
Variants of this gene have been linked to freshwater transitions in the stickleback system (Jones et al., 2012) . Aquaporin 3 also contained nonsynonymous SNPs, a gene thought to be adaptive for osmoregulation in sticklebacks, tilapia, and killifishes (Shimada, Shikano, & Merila, 2011; Whitehead et al., 2012; Yan, Wang, & Zhao, 2013 ). An additional eight transcripts belonging to the claudin family of tightjunction proteins also have nonsynonymous SNPs. The expansion of this gene family in the European sea bass is suggested to have allowed F I G U R E 3 Principal coordinate analysis using KantorovichRubenstein distance comparing bacterial gill communities. Identification of microbial taxa was based on the 16S marker, using the PhyloSift pipeline 
it to adapt to variable salinities (Tine et al., 2014) , and this is also one of the largest gene families in the pejerrey genome (Campanella, 2014) .
The transition from marine to fresh water involves ecological changes beyond the salinity gradient. Calcium concentrations are higher in marine water than freshwater, which has been implicated in bony plate (armor) loss in sticklebacks that have transitioned to fresh water (Bell et al., 1993; Spence et al., 2012) . Odontesthes species have no bony armor, but all teleosts absorb environmental calcium for bone formation (Simmons, 1971) . Bone morphogenic protein 3 (BMP3) was expressed at least five times higher in O. argentinensis than any O. bonariensis treatment, suggesting that pejerrey fish also experience differences in bone growth in these different environments. Heat shock protein 90-beta also was both differentially expressed and contained a nonsynonymous SNP that distinguished the two species. While in the gill, this gene is probably responsible for mediating responses to changes in temperature and other stressors.
Otherwise, over expression of this gene has been reported in ovary during the thermo-labile sex-differentiation period in larval O. bonariensis (Fernandino et al., 2011) .
| Plasticity in O. bonariensis
The transcriptomic response measured through gene expression of O. bonariensis individuals from Lake Chascomús acclimated to brackish water does not approach the natural state of an O. argentinensis marine fish, suggesting that the expression differences we see between the two species are not due to plasticity. While marine salinity (30 ppt) can be lethal to O. bonariensis, this species is more comfortable at brackish salinities (Tsuzuki, Aikawa, Strüssmann, & Takashima, 2000; Tsuzuki et al., 2001) , and is reported to have a relatively euryhaline gill structure (Vigliano et al., 2006) . Given this, we might expect some plasticity in the response of the gills of O. bonariensis to changes in salinity, but they have evidently lost the ability to move completely between salinities, and due to this we are unable to evaluate the changes in expression for this freshwater fish in a marine environment. We are able to determine that when exposed over several days to a higher salinity (Fiol & Kültz, 2007) , and one isoform was also expressed by O. bonariensis when exposed to brackish water. The higher proportion of these NEDD4 ubiquitin ligases expressed in O. argentinensis may be due to these fish often entering estuaries, including the Mar Chiquita estuary, which is near Mar del Plata, where these individuals were collected, even though they were collected in seawater (González-Castro et al., 2016). Although production of O. argentinesis larvae for aquaculture is well established (Sampaio 2006) , no success has been achieved to transfer to the laboratory adult O. argentinensis captured at sea to test its ability to tolerate freshwater conditions (González-Castro pers. com.), precluding common garden experiments involving this species.
| Candidate genes in immune response
The marine-freshwater boundary strongly structures microorganism communities (Logares et al., 2009 ) and, while teleost microbiomes have not been extensively characterized, salinity has been shown to influence microbiota in fishes (Lokesh & Kiron, 2016; Schmidt et al., 2015) . We found differentially expressed genes between
O. argentinensis and all O. bonariensis to be enriched for the immune response GO term, suggesting that the marine-to-freshwater transition may also require changes to the immune system. Within this differentially expressed set, we annotated six pathogen-detecting MHC I and two MHC II transcripts, and additionally six MHC II transcripts contain nonsynonymous SNPs differentiated between marine and freshwater in our dataset. These genes have been linked to habitat diversity and speciation in fishes (Malmstrøm et al., 2016) , and differences between marine and freshwater pathogens and parasites are likely being reflected in our Odontesthes system, although these genes also play a role in mate selection in the wild (Bernatchez & Landry, 2003) .
In addition to the MHC transcripts, nine lectin transcripts were differentially expressed between these two species. Lectins are pathogen-recognition molecules important in the innate immune system, which is thought to be the primary defense against pathogens in fish (Vasta et al., 2011) , and of which the C-type lectin is known to be differentially expressed between anadromous and resident populations of trout (Boulet, Normandeau, Bougas, Audet, & Bernatchez, 2012) . Four different C-type lectin isoforms are expressed differently between these species of silversides, which is one strategy for lectins to increase the repertoire of pathogens to which they bind (Bianchet, Odom, Vasta, & Amzel, 2002; Suzuki, Tasumi, Tsutsui, Okamoto, & Suetake, 2003) . Thus, the different repertoires of lectins expressed by marine and freshwater fish suggest a possible plastic response to different pathogen regimes between environments.
Some genes related to immune function also are involved in cell signaling, including interleukin 2 and 12 receptors that were differentially expressed here. Interleukin 12 receptors act as a cytokine, that is released by antigen-presenting cells to stimulate many immunerelated cells in response (Wang & Secombes, 2013) . However, genes involved in cell signaling can also act in stress responses to other environmental factors like salinity. Interleukin-8, also differentially expressed between species, may play a role in immune function as well as osmotic signaling (Kültz, 2012) . Whether these genes play a primarily osmotic-sensing role or immunological role in the wild is difficult to disentangle here, but their complex role in stress responses make them all the more relevant to overcoming the challenge of adapting to a new environment.
| Microbiome differentiation
There was substantial individual variation in the gill bacterial communities of wild O. argentinensis and O. bonariensis, which were somewhat differentiated between marine and freshwater for wild-collected individuals (Figure 3) , further highlighting the different microbial regimes.
However, the microbiome of laboratory individuals showed a very different composition that did not appear to be impacted by changing the tank salinity. Fewer than thirty taxa identified by PhyloSift were shared across all individuals, which suggest that there is not a consistent core Odontesthes gill microbiome across the natural and experimental environments.
Marine and freshwater microbial taxa are often from phylogenetically distinct lineages and have made relatively few transitions between these environments (Logares et al., 2009 ). This is a challenge that marine fish will have to overcome as they adapt to freshwater.
Studies have documented substantial overturn of the microbiome in different fish tissues as the salinity is increased (Lokesh & Kiron, 2016; Schmidt et al., 2015) , although this is frequently accomplished in the laboratory. Our data show that the microbial community observed in the laboratory are likely to be very different from the microbes that inhabit fish the in the wild, although amplicon-based sequencing would reveal a more complete picture of the microbial communities as a whole. This may hinder future inferences about host-microbe interactions conducted in the laboratory.
| CONCLUSIONS
Mitochondrial markers have previously suggested very little divergence between O. argentinensis and O. bonariensis, despite their occupation of highly divergent habitats. This preliminary analysis identified more than 3,000 transcripts that are differentially expressed between these species, and additionally transcripts with nonsynonymous coding SNPs that we propose as candidate genes for this habitat transition and as the basis for divergent ecological adaptation in these species. The broad range of physiological functions associated with these genes suggests that salinity is only one of many abiotic and biotic factors that are driving this divergence. Laboratory experiments focusing on qPCR validation of a few candidate genes have certainly shed light on some of the physiological requirements to make a shift between salt and freshwater, but relatively few studies look at gene expression in natural populations of fishes. Our results suggest that there are both gene expression and sequence divergence differences in these sister species that are driven by the different environments that they inhabit, and that their speciation may be driven by adaptation to different local conditions.
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